Abstract-The paper presents a test system model to study the effect of variable wind power output on the stability of future power systems. The test system is built upon a future UK transmission system model and it contains different types of generators, HVDC transmission lines, and interconnections. A poorly damped inter-area mode is present in the test system that closely resembles the Scotland-England inter-area mode existing in the UK transmission system. The study system will help to analyze the impact of increased variability in power system operating conditions on the oscillatory mode.
I. INTRODUCTION
Like many countries around the world, the United Kingdom (UK) is committed to source much of its future energy requirements from renewable resources. The climate change act of 2008 sets a binding goal to reduce UK's green house gas emission by at least 80% below the 1990 baseline by 2050, and the Renewable energy directive of 2009 sets a target for the UK to achieve 15% of its total energy consumption from renewable sources by 2020 [1] . At the same time, in order to comply with Large Combustion Plant Directives (LCPD) around 8-13GW of coal, oil and gas power plants will be closed by 2015 [2] , [3] . Post 2015, the Industrial Emission Directive (IED) will impose further constraints over operation of coal based thermal power plants [4] . Also aging nuclear power plants will be closed and new nuclear projects are in the planning stage. Altogether several conventional power plants will be closed in this decade. New interconnections will be commissioned within the network and with neighboring countries, which will improve reliability and increase access to the evolving European energy market.
These changes will make the future GB transmission network unique in many aspects. Large penetration of wind power with changing wind velocity, direction and location will shift the generation concentration from one part of the system to another. Subsequently power flow patterns in the network will experience large variation. The network will play a major role in the evolving European electricity market through which large amount of wind generation from Scotland, Offshore England and Ireland will be transmitted to Continental Europe. Also, the island network with several HVDC interconnections with external grids, internal HVDC transmission lines, and offshore HVDC networks, will give rise to a power system with comparatively high concentration of FACTS devices. These devices can offer various supplementary control features to improve reliability and stability of power system. At the same time they can cause new problems in the network. This will make the UK system operation unique and from an academic perspective an ideal choice to study power system operational challenges. However, obtaining a network model is seldom easy for academic research due to proprietary rights. This work is important in this context.
The paper discusses future generation scenarios in the GB network and proposes a framework for developing a dynamic test system model. Using this approach a representative GB network (RGBN) model is developed. The model is used to simulate scenarios that can provide insights into the way in which system dynamics will be affected by increased use of wind generation and new HVDC lines.
II. OVERVIEW OF FUTURE GB NETWORK
The GB network consists of an onshore transmission network covering England, Wales and Scotland, and an offshore transmission network. A large share of its installed generation capacity (≈85GW) consists of non-renewable sources such as gas/CHP (≈31GW), coal (≈25GW) and nuclear (≈10GW) [1] . Only ≈ 8GW capacity is accounted for by renewable generation. The proportion of generation mix is expected to reverse towards the middle of the next decade due to development of several renewable generation plants and closure of coal and oil plants which are close to the end of their working life or unable to meet the emission targets [5] . New gas and nuclear plants will be built to support reliability and security of supply. But the pace of these developments depends on other factors such as economic performance of the country and general technological progress, e.g. in the development of electric vehicles, advanced heating systems and energy efficient technologies. Some of the planned generation projects may be cancelled or delayed due to various reasons. Considering these uncertainties National Grid has drawn up three scenarios for future GB network namely, Slow Progression Scenario (SPS), Gone Green Scenario (GGS), and Accelerated Growth Scenario (AGS) [6] . Fig. 1 shows the generation profile for various technologies under the three scenarios. The GGS represents a balanced approach in which the targets for 2020, 2030 and 2050 are met through contributions from all generation sectors. The scenario assumes that the economy is expected to grow by 0.2% from 2012 and is not expected to increase by over 2% until 2015. The SPS and AGS assume a slower and faster growth in economy, respectively, and accordingly assume a relatively slower or faster growth in renewable generation. The key difference between the scenarios is a delay in achieving the emission and renewable targets. In the SPS, the 2020 target will not be achieved until some time between 2020 and 2025 whereas assuming a faster growth in the economy and the renewable generation the AGS projects an earlier date for achieving the target. Fig. 1(a) and Fig. 1(b) show the change of generation and demand connected at transmission level respectively, under the three scenarios. The generation growth under SPS, GGS and APS are 102GW, 130GW, and 155GW, respectively by 2032. The transmission connected demand is showing a different trend. Due to the double dip recession in 2011, the electricity demand reduced to 56.1GW in 2011/2012. Because of poor economic growth no significant increase in transmission demand is predicted under all the three scenarios. 
A. Nuclear
Nuclear energy plays an important role in GB's future low carbon energy mix. Currently the GB system has eight nuclear power plants producing close to 9GW of power. All the existing plants except one are scheduled to close down by 2023. In 2011 the UK government announced eight sites for constructing new nuclear power plants [7] . Fig. 2 shows the existing and future nuclear power plants with capacity. Out of eight sites, only five of them are in planning stage. The new plants may be delayed due to the government's reluctance to fund new nuclear projects, rising cost of building new plant, access to finance [8] , [9] , [10] . The GGS assumes that the first new nuclear power station will come into operation by early 2020s and the capacity will reach 10GW by 2030. Under SPS the first new nuclear plant will start its operation by mid-2020s. However the latest developments indicate that this plan may be delayed [9] .
B. Coal
The bulk of electricity generation (≈26GW) in the UK comes from large coal fired thermal power plants. They played a significant role in ensuring energy security at low cost for several decades. During the last two decades Combined Cycle Gas Turbine (CCGT) generating stations have replaced some of the share of coal fired generation [11] . Some of the existing generating plants are planning to close on or before 2015 to comply with LCPD [3] . Under LCPD, all combustion plants built after 1987 should comply with new emission targets and existing power plants (built before 1987) have the option to opt out. Several coal plants have decided to opt out and will cease to operate before 2015 [3] , [4] , [12] , [13] , [14] . There are plans to convert some coal plants to biomass technology [12] . Post 2015, the coal power plants have to comply with more stringent emission rules under Industrial Emissions Directive (IED) and additional investment is required for emission reduction. Fig. 1(e) shows the coal generation profile under the three scenarios. In all cases, thermal generation output falls between 2013 and 2015 representing the opted out plants under LCPD. The output is expected to stay constant for the remaining part of the decade and about 9GW of coal power plants are expected to close under the SPS and GGS by 2023. However this closure could occur earlier than expected [4] . The increase in generation by the middle of next decade shows the development of carbon capture and storage plants. Introduction of this technology is dependent on the performance of the economy and technological progress.
C. Gas/ CHP
Electricity generation from CCGT increased steadily from the early 90's by replacing the capacities of conventional thermal and other generating stations [11] and their capacity will continue to grow in the future. Fig. 1(e) shows the projected gas/ CHP based electricity generation under various scenarios. In SPS, the gas based generation will increase from the current level of 33GW to 40GW and 49GW by 2020 and 2032 respectively. However, their contribution will be smaller in case of the GGS and AGS. In the GG scenario only 6GW increase is expected between 2012 and 2032 whereas the AGS estimates an increase of about 5GW.
D. Wind
At present, wind supplies around 5% of UK's electricity demand and it is expected to grow and may become the biggest contributor to electricity in the UK after natural gas in 2020 [15] . Fig. 1(f) shows projected growth in wind generation, onshore plus offshore, under the various scenarios.
1) Onshore Wind: Onshore wind is one of the most mature renewable energy technologies in the UK with an installed capacity of 5GW at the middle of 2012. An additional capacity of 1.8GW is under construction, 3.9GW is approved and 6.9GW is in planning [15] . The majority of this resource is located in Scotland and Wales. Under GGS and AGS, onshore wind is expected to contribute around 9GW by 2020 and under SPS it is projected to reach 7GW. One of the hurdles in onshore wind development is obtaining project consent as current figures suggest an average success rate close to 50% [16] , [17] .
Greenwire Project: The Greenwire project requires special attention, since plans are to build a 3GW onshore wind farm in Ireland and connect via a subsea cable to the GB grid [18] . From power system perspective, this wind farm can be considered as an offshore wind farm.
2) Offshore Wind: The UK offshore wind industry is one of the largest in the world with around 1.9GW of operating capacity. An additional capacity of 2.3GW is under construction, 1.2GW is approved and 5GW is in planning [15] . The Crown Estate has so far leased out several sea beds for wind farm sites with an aggregate potential capacity of 51GW [1] . The GGS estimate around 17GW of offshore wind capacity by 2020 and a capacity of 37GW by 2032. However, cost, access to finance, economic situation, delay in getting planning permission etc. may affect their growth rate.
E. Tidal/ Wave
The UK wave and tidal potential is estimated to supply around 27GW of clean power by 2050 [5] . The technology is in an early stage of development with around 4MW of prototypes currently undergoing testing. Under the GGS, the generation will grow to 20MW by 2020 and 1.2GW by 2032 [1] .
F. Transmission lines and Interconnections
Transmission line capacity expansion is crucial to avoid possible bottlenecks in the system and to provide higher connectivity for renewable generation. In the GB system several projects for upgrading existing lines and construction of new lines are in progress or planning stage [1] . A notable addition is two HVDC transmission lines between Scotland and England which will expand the main transmission corridor in the system. Also several new interconnections with neighboring countries are in planning phase, that will help to improve GB's position in single European energy market. Table I lists existing and some planned interconnections. The recently commissioned East West Interconnection will provide connectivity for wind farms in Ireland to the single market. From system operating point, this will cause large variations in operating conditions as interconnections will work in both import or export mode.
G. Distribution of generation in future GB system
So far the discussion is concentrated on the amount of generation by technology. However for power system dynamic performance distribution of future energy mix is very important. With large scale non dispatchable generation, network generation will change from a relatively predictable/ controllable generation portfolio to an uncertain and highly variable one. Uncertainty with regard to quantity, type and location of generation capacity may give rise to different estimates for the performance of the system. Fig. 4 shows location and capacity of wind, tidal and wave power generation. An approximate transmission connected capacity is indicated for onshore wind farms. A significant portion of onshore wind capacity will be built in Scotland and Wales. Offshore, wave and tidal capacity are being constructed around the boundary of the system. The changing wind pattern will introduce a shift in power center and can pose a significant challenge to system operation. As evident from Fig. 2 future nuclear generation (after 2023) will be confined to the England side of the system. The conventional coal and gas power plants distributed through the system will play a system supporting role during high wind periods and be a major source of electricity during low wind. However, no difference is anticipated in location of major load centers. The participation of wind farms from Scotland and Ireland in the single energy market will introduce further uncertainty to network operation.
Zonal This section explains the development of the RGBN model. The skeleton for this model is obtained from a RGBN power flow model developed at University of Strathclyde [19] , [20] . Fig. 3 shows a single-line diagram of the model consisting of 29 nodes, inter-connected through 98 transmission lines in double circuit configuration, and one single circuit transmission line. It contains 65 generators of various generation types. These network branches are intended to represent the main routes on which power flows across the GB transmission system and over which power is exchanged between the seven year statement's (SYS) "Study Zones" and have realistic parameters including thermal ratings. It is claimed that the model is based on and has been validated against a solved AC Load Flow reference case that was provided by NGET [20] . 
A. Generation mix in RGBN model
The zonal distribution of different generation in the actual system is compared with nodes of Fig. 3 and generation from the zones are distributed to the nodes according to their respective locations in GB system. For the test system, only CCGT, coal, hydro, nuclear, offshore wind and onshore wind based generation are considered. The CHP and biomass plant capacity is added to the coal capacity, and tidal and wave capacity are added to the offshore wind capacity. This is because their capacities are not significant enough to be represented separately. However, when large scale tidal plants such as Alderney Renewable Energy [21] become fully operational, a separate tidal generator can be included to capture its operating characteristics. This grouping will serve two purposes;
• Distinct scheduling can be allotted for generators based on their technology to generate realistic operating conditions. For example, the nuclear power plants will operate as base load plants while hydro will be supporting peak load. A similar argument is true for wind farms as the wind characteristics at each wind farm are unique.
• Unique dynamic parameters can be assigned for generators depending on technology. For example, a steam and a gas power plant of similar capacity will have different inertia. Also, though the technology is same, the influence of offshore and onshore wind farms on grid will be different owing to its distance from the grid connection point. This procedure is carried out for both the 2013 and the 2023 generation scenario to make two test systems. Table II list 56 generators of various generation types connected to the nodes in the RGBN model.
One of the important assumptions in the model is the aggregation of wind farms in which a number of wind farms located at one area is considered as one wind turbine generator in the RGBN model. This assumption is valid for comparing stability of the system under various feasible operating conditions arising from changes in wind farm output and subsequent conventional generator scheduling. However, the reactive power support of distributed small wind farms and its influence on stability will be different from a large aggregated wind farm. Hence the care must be taken while making judgement on the stability of single operating condition.
B. Transmission system for RGBN model
The network diagram shown in Fig. 3 is used as base transmission system where each node represents a 400kV bus. The generators are connected to one of the nodes through a generator bus and transformer/ transmission line. A HVDC system for offshore wind farm is not considered at present. The two HVDC transmission systems and 6 interconnections are included in the system.
IV. MODAL ANALYSIS OF RGBN MODEL
This section presents modeling of RGBN model and analysis of the Scotland England inter-area mode. The synchronous machines are represented using a transient model and recommended ranges of values for different generator parameters are obtained from [22] . The inertia for gas turbine generators, steam turbine generators, and hydro generators are selected between 4pu & 6pu, between 6pu & 10, and 3pu, respectively. The wind turbine generators are represented using the generic Type-4 WTG model [23] .
The simulation study is carried out using MATLAB/ Simulink software. The system is linearized using the linmod command and eigenvalues of the state matrix are obtained. The participation factor analysis shows that an inter-area mode with participation from synchronous generators located in both Scotland and England is present in the system. Table III shows the characteristics of the Scotland England inter-area mode under five selected operating conditions. The interconnections are not used for these cases for simplicity. Nuclear power plant output is set to 95% for all scenarios.
1) Case 1: Case 1 represents the RGBN test system with the 2013 generation and transmission system. The wind farms are operating at 70% of their capacity and 
4) Case 4:
In this case wind farms in Scotland and England are operating at 70% and 10% capacity, respectively. The inter-area power flow is equal to Case 3 and the conventional power plants in England are making more power compared to Case 3. The damping and frequency of the mode in this case is very close to that of Case 3.
5) Case 5:
In this case wind farms in Scotland and England are operating at 10% and 70% capacity, respectively. Lower generation in Scotland reduces the inter-area power flow and shows an improvement in the inter-area mode damping compared to the previous cases.
The analysis shows that the inter-area mode will continue to cause a bottleneck in the transmission corridor. Although the HVDC lines provide additional transmission capacity and the converters can act as an actuator for damping control [24] , the level of wind penetration in Scotland can cause the power to touch the loading limit of the AC transmission system. The proposed test system has an important role in understanding future operation. The scenarios tested strongly support the importance of stability analysis and inter-area mode damping enhancement to facilitate full utilization of renewable generation. Dynamic parameters of generators in the test system are selected based on their type and capacity, and more precise values for these parameters can improve accuracy of the results.
V. CONCLUSION
The paper presents a test system to study the impact of large scale renewable integration in future GB transmission network. Two configurations representing 2013 and 2023 operating scenarios are presented. They can be used to generate realistic operating conditions of the system with large wind penetration. Modal analysis of the study system shows that the well observed Scotland England inter-area mode may limit transmission capacity and potentially reduce utilization of available clean wind power.
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